Abstract-Although flow-based bioreactor has been widely used to provide sufficient mass transportation and nutrient supply for cell proliferation, differentiation, and apoptosis, the underlying mechanism of cell responses to applied flow at single cell level remains unclear. This study has developed a novel bioreactor that combines flow bioreactor with microfabrication technique to isolate individual cells onto micropatterned substrate. A mechanical model has also been developed to quantify the flow field or the microenvironment around the single cell; flow dynamics has been analyzed on five geometrically different patterns of circle-, cube-, 1:2 ellipse-, 1:3 ellipse-, and rectangle-shaped ''virtual cells.'' The results of this study have demonstrated that the flow field is highly pattern dependent, and all the hydrodynamic development length, cell spacing, and orientation of inlet velocity vector are crucial for maintaining a fully developed flow. This study has provided a theoretical basis for optimizing the design of micropatterned flow bioreactor and a novel approach to understand the cell mechanotransduction and cell-surface interaction at single cell level.
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INTRODUCTION
Biofluid flow, e.g., interstitial flow in osteocyte lacunae or cartilage proteoglycan network or shear flow in blood vessels, is crucial in many biological processes in vivo. Flow chamber is a well-defined in vitro model to mimic the physiological conditions for elucidating the effect of biofluid flow on cellular responses such as cell proliferation, 17, 33 35 adhesion, 29 cell interaction in co-culture, 5 and intra/intercellular signalings. 16, 31, 40 Flow chamber also serves as a cell/tissue bioreactor in space cell biology to maintain cellular metabolism under microgravity, 32 since the refreshment of culture medium, a conventional procedure under ground-based conditions, becomes complicated and hard to perform in space and should be automatically done via continuous perfusion in a closedloop system. In the past decades, different types of flow chambers or flow-based bioreactors have been developed mainly with parallel-plate flow approach, where cells are seeded on the bottom plate and grown to a confluent monolayer while the medium is driven to flow over cells providing sufficient nutrient supply and mass transportation.
Fluid dynamics inside the chamber or bioreactor is critical to quantify the impact of shear flow on cellular responses. Although extensive theoretical analyses and calculations have been conducted in the absence of growing cells, 4, 9, 11, 30 little is known as to how the presence of cell monolayer affects the hydrodynamic parameters of flow field, e.g., static pressure, shear stress, or strain rate, around the cells. In previous studies, a few fluid mechanics models were proposed to predict the flow field at the vicinity of curved endothelial cell monolayer in blood vessel, 15, 22 and the wall shear stress was found to vary more than 80% across the chamber because of the so-called end effects. 40 Moreover, growing cells are highly sensitive to the alterations of hydrodynamic parameters, for example, alkaline phosphatase activity increases dramatically with shear stress in engineered bone tissue, 3, 13, 14, 16, 19, 31, 40 and intracellular process and cell body respond differentially to various mechanical loadings. 21 Thus, fluid dynamics analysis is a prerequisite to monitor the hydrodynamic parameters, such as flow flux, velocity, and shear stress, and to understand the mechanism of cell mechanotransduction.
Recent progresses in microfabricating techniques make it possible to understand the biological responses of an isolated cell to external forces. In contrast to the confluent cell monolayer where physical linkages and gap junctions exist among cells, an isolated cell is micropatterned on a hydrophilic island without the impact of cell-cell contact, which enables us to quantify cellular mechanotransduction responses at single cell level. 8, 15, 18, 20 For example, intracellular calcium response to shear flow of isolated osteoblasts on micropatterned islands was found to be quite different from that of the osteoblasts in a confluent monolayer. 16, 31, 40 The shape and size of hydrophilic island designed to confine the spreading configuration and contact area of a cell resulted in distinct phenotypes in apoptosis, differentiation, and proliferation of mesenchymal stem cells. 7 Microfabricating technique with micropatterned cells is especially beneficial for a cell bioreactor used in space life science where the impact of shear flow from continuous perfusion is coupled with the effect of microgravity. The cellular responses in space are more complicated than that on ground, and understanding the responses of an isolated cell to microgravity is a basic issue for space cell biology. To better understand the mechanotransduction mechanism of an isolated cell, the flow field around those individual cells needs to be further determined by fluid dynamics analysis.
Computational fluid dynamics (CFD) is a powerful tool to visualize the flow field in a specific configuration 4 or an interstitial space of a flow chamber, which has provided hydrodynamic basis to design the threedimensional (3D) bioreactor in tissue engineering. 34 This has been demonstrated to be working very well in the uniform cell growth under well-designed 3D geometry, 19 in the sufficient perfusion to cells cultured in configuration-optimized biomaterial scaffolds, 27 or in the identification of proper boundary conditions for a microscale model. 11 In a recent study, the authors developed a bioreactor for counter sheet-flow sandwich cell culture which was used in a space cell biology experiment under microgravity where fluid dynamics analysis illustrated the symmetrical velocity profile and uniform distribution of low strain rate for mammalian cell growth. 32 In this article, a novel micropatterned cell bioreactor, in which the flow field is quite different from those in the literature, has been proposed, and the hydrodynamic profiles around the micropatterned cell have been determined.
THEORETICAL MODELING

Configuration and Geometry
The basic idea of developing the micropatterned cell bioreactor started from a parallel-plate flow chamber (Fig. 1a) which exerts fluid flow on the micropatterned osteoblast monolayer without physical intercellular connection (Fig. 1d) . As exemplified in the schematics of the bioreactor and its configuration and geometry (Fig. 1b) , the fluid was driven to flow through a parallelplate rectangular chamber with the dimension of L (length) 9 W (width) 9 H (height). The hydrodynamic development lengths of inlet, outlet, and wall for a fully developed flow were denoted as L inlet , L outlet , and L wall , respectively. The active test region (ATR) with the area of (L 2 L inlet 2 L outlet ) 9 (W 2 2L wall ) was defined, within which the impacts of inlet, outlet, and chamber wall on flow field were negligible (Fig. 1b) . 11 The boundary conditions of flow chamber along the transverse direction are symmetric, and therefore, the calculations are simply done with half of the chamber (Fig. 1c) . The bottom plate inside ATR was micropatterned with numerical units (Fig. 1c) . Along a row, each unit was assigned with a rectangular geometry with length of c and width of d onto which an isolated cell with occupied dimensions of a (length) 9 b (width) 9 h (height) was placed (Fig. 1e) . Five micropatterns were employed to mimic the isolated cells in the calculations, which were in the shape of circle (Cir)-, cube (Cub)-, 1:2 ellipse (El2)-(1:2 is the ratio between short and long axes), 1:3 ellipse (El3)-, or rectangle (Rec) from a top (upper panels) or a side (lower panels) view (Figs. 2a-2e ). The circle-shaped pattern represents a seeded cell without spreading, and the ellipse-pattern (1:2 or 1:3) mimics the cells at different spreading level, whereas the cube-or rectangle-pattern serves as control. To make the calculations comparable, 16 five types of micropatterned ''virtual cells'' were set to yield the same height and projected area under identical units as summarized in Table 1 . Each cell was assigned a h of 0.5 lm and a unit area of 10,000 lm 2 , and the dimensions of a and b were then determined. Note that the projected area of a cell was not exactly the same among five micropatterns, mainly due to the differences in arc area.
Governing Equations and Numerical Calculations
Although an analytic solution of flow filed inside a rectangular chamber with smooth surface on bottom plate was readily obtained (cf. Supplementary Materials), it was not applicable to a chamber seeded with isolated cells due to the impact of cell shape and dimension. Therefore, a novel mechanical model was developed in this study to conduct the CFD calculations on micropatterned cell surface (cf. Fig. 1 ). In this study, flow medium in the chamber was modeled as incompressible Newtonian fluid under isothermal and non-slip boundary conditions. Referring to rectangular Cartesian coordinates, Navior-Stokes equation and mass conservation equations satisfy.
where u is the velocity vector, p is the pressure, l is the dynamic viscosity, q is the mass density, F b is the body force per unit mass, and H and Ñ are the substantive derivative and vector differential operators, respectively. The authors applied the boundary condition generally used in fluid dynamics simulation, i.e., uniformly distributed velocity at inlet section and constant flux Q at outlet. Although the inlet boundary condition is a strong hypothesis, our additional simulations showed that the flow field around cells adhering on the bottom substrate of flow chamber is dependent on the flux, but insensitive to the inlet velocity profile. Numerical calculations of flow field around a micropatterned cell in a flow chamber were conducted using finite volume method with second-order accuracy and double-variable precision. 25 The commercial In the current models, seven or fifteen units were placed in one row, and seven rows were used for simplicity of calculation.
CFD software, FLUENT, was employed to analyze the finite volume solver. Furthermore, an interface program was developed in-house to meet the computational requirements and used in the calculation of the fully developed flow at inlet section. Eight-node hexahedral elements were employed in the calculations to ensure the accuracy. Table 2 summarized the surface mesh number of single cells with different micropatterned shapes (Figs. 2a-2e). One unit was divided into~20,000 surface elements and~35,000 surface nodes, and totally 18,000,000-22,000,000 elements were used. The computation was done using two computer stations of DELL PRECISION T5400 paralleled, and costs 1 day for less than 8,000,000 units or 3-5 days for more than 20,000,000 units. Pure water with a density (q) of 993.4 kg/m 3 and a viscous coefficient (l) of 0.69 mPa s served as flowing fluid. 36 The temperature (T) was set at 37°C, relative pressure (p t ) was given at 1 atm, and inlet volume flux (Q) ranged from 2 to 500 lL/min.
Simplified Models and Simplified Calculations
Simplified models were introduced into the above mentioned CFD calculations and were developed to calculate around micropatterned cells in the flow chamber with the dimensions of L 9 W 9 H = 22 9 6 9 0.5 mm, as referred in our previous study. 16 Based on the symmetry of flow field, only half of the chamber was adopted in simulation (Fig. 1c) . Since the cell height (h) was far shorter than the height (H) of the flow chamber (h:H = 1:1000), H/2 was used as model height to reduce the computational costs, i.e., the symmetric boundary conditions were taken from the section at H/2, while the boundary conditions at inlet and outlet remained unchanged. The hydrodynamic development lengths of inlet, outlet, and wall (L inlet , L outlet , and L wall ) were calculated based on this model. To further simplify the flow field parameters of single cell, the cells were assumed to line up in one row, as previously described by Provin et al. 27 The influence of different developing sections was neglected in the calculations, the height of flow chamber was set as 25 h, the fully developed flow speed calculated through UDF interface program was used as inlet boundary condition, and the outlet boundary condition remained unchanged. Under such conditions, the computational time was significantly reduced, and the maximum error of flow velocity was less than 0.001%.
It was also possible to reduce the number of cells placed in one row (originally~220 cells were seeded along the chamber length (L) of 22 mm), because the flow field around the most of the cells within ATR should be identical. The authors tested the numerical calculations when seven and fifteen cells were placed in one row and found that the maximum relative error in static pressure and shear stress or strain rate on cell surface was 1.3% for the centered cell (Table 3) . Therefore, the procedure with seven cells in one row was used in the calculations to be used later. The authors also tested the impact of row number and found that the error of average strain rate of cells between seven rows and ten rows is less than 1.0%. Thus, seven rows were employed in these calculations.
An empirical formulation described previously was used to calculate the non-dimensional hydrodynamic development inlet length
where D is the hydrodynamic diameter, and Re is the Reynolds number. For a cell-free flow chamber, L inlet could be calculated analytically using Eq. (2). However, when cells were micropatterened onto the bottom plate, these equations were no longer applicable and the L inlet , L outlet , and L wall should be calculated using the second model. To simplify the calculations, three coefficients, a, b, and c, respectively for non-dimensional L inlet , L outlet , and L wall in a cell-free flow chamber were introduced into Eq. (2) to evaluate the impact of micropatterned cells on CFD calculations, to result as follows:
In line with the above, L wall was calculated using the second model. In contrast to direct adoption from a cell-free parallel-plate chamber where the centerline velocity reached 99% of the fully developed value, 6, 26 L wall in this study was so defined that the error between local strain rate on individual cell surface within ATR and the average strain rate on all the cell surfaces across the computed flow chamber is less than 1.0%. Starting from a preset L 0 wall in a cell-free rectangular chamber (cf.
RESULTS
Flow Field Around Micropatterned Cells
The authors have first tested the local hydrodynamic parameters including static pressure, shear stress, and strain rate on cell surface and the bulk velocity of flowing fluid around cells, which are crucial to cell function inside a flow chamber or a bioreactor. Numerical calculations from simplified model indicate that, when cells are micropatterned in different shapes, fluid flow produces significantly different distributions around cells. As shown in Fig. 3 , the static pressure in the upstream is~2.0% greater for all the five cell shapes than that in the downstream at a flux of 2 lL/min (1st column), and the gradient of static pressure gradually reduces from the top to the bottom of cell. Shear stress and strain rate on cell surface as well as flow velocity are distributed symmetrically and vary dramatically across the cell (2nd, 3rd, and 4th columns, respectively). For example, shear stress and strain rate are enhanced from 0.09 to 0.11 mPa and from 0.14 to 0.26 s 21 , respectively; flow velocity is reduced from 0.070 to 0.005 m/s from exterior edge to central top of a circle-shaped cell (1st row). The distributions of the hydrodynamic parameters, except that of static pressure, strongly depend on the microtpatterned cell shapes.
The authors further tested the average values of static pressure, shear stress, and strain rate on cell surfaces along the flow direction. The computing model was used at a flux of 2 lL/min and both L (Fig. 4) . The average static pressure in a row of seven cells declines linearly with the distance from inlet at a slope of~0.00045 mPa/m (panel a), while average shear stress and strain rate on cell surface remain the same (panels b and c) . The average values of the three hydrodynamic parameters vary significantly with different cell patterns. For example, average pressure, shear stress, and strain rate of El2 and El3 patterns (blue and orange lines) are much lower than those of Cir, Cub, and Rec patterns (red, green, and pink lines, respectively, in panels a-c). It is also observed that the hydrodynamic parameters on cell surface are significantly enhanced than those at the bottom plate in a cell-free chamber (No for black lines in panels a-c) . The static pressure, shear stress, and strain rate are increased by 14.6%, 5.1%, and 19.9%, respectively as compared to the estimations (cf. Supplementary  Materials) . Similar results are obtained with different micropatterned cells when fifteen cells are in a row (data not shown). Numerical calculations also indicate that the linear relationships of the three hydrodynamic parameters are not altered at the respective fluxes of 2, 50, or 500 lL/min (with maximum relative error of 0.8%). Such linear gradient enables us to optimize the hydrodynamic parameters in the chamber and the shear stress on cell surface.
The cellular spacing is another important factor that regulates cell function and intercellular signaling. When cells are micropatterned in a flow chamber, it is reasonable to assume that the space between adjacent cells affects the flow field. Thus, the dependence of hydrodynamic parameters on the spacing ratio (=(c -a)/a or (d -b)/b) was tested in this study. As exemplified in Fig. 5 , average maximum static pressure exposed on cell surface decreases dramatically from 18.9 to 7.8 mPa (153.5% difference, pink line), but average shear stress and strain rate on cell surface only decrease slightly (1.9% and 8.4% differences, respectively, blue and green lines), when the spacing ratio increases from 0.1 to 5.0. Even at the lowest ratio of 0.1, the average maximum static pressure, shear stress, and strain rate are about 2.4-, 1.1-and 1.2-fold higher in the current calculations than those calculated based on a cell-free chamber (cf. Supplementary Materials). Thus, these results indicated that high cell density with low spacing ratio (also with small size of cells) results in high static pressure and shear stress on cell surface.
Impact of Hydrodynamic Development Length
For cells growing in a chamber or a bioreactor, the impact of inlet, outlet, and wall on hydrodynamic parameters should be taken into account. In this model (L 9 W 9 H = 22 9 6 9 0.5 mm and Q = 2-500 lL/min), with given hydrodynamic diameters D (=2WH/(W + H)) of 0.92 mm and Re of 0.015-5.83, three coefficients a, b, and c were calculated with a relative error less than 0.35 (Table 4) . Here, the relative error is defined as the percentage of computational maximal error to computational average value. L inlet , L outlet , and L wall were then directly calculated by Eqs. (3a-3c) and Table 4 . In a Cir-patterned chamber, for example, L inlet = 800 and 960 lm, L outlet = 600 and 720 lm, and L wall = 1000 and 1200 lm at Q = 2 FIGURE 3. Fluid dynamics calculations of static pressure (1st column), shear stress (2nd column) and strain rate (3rd column) on cell surface, and flow velocity (4th column) around a micropatterned cell with a shape of circle (1st row), ellipse (1:2) (2nd row), ellipse (1:3) (3rd row), cube (4th row), and rectangle (5th row) at a flux of 2 lL/min. Note that the dimensions of micropatterned cells were given in the 1st, 2nd, and 3rd columns while the dimensions of units were denoted in the 4th column where the cross section paralleled to the top of cells.
and 500 lL/min, respectively, indicating that outlet length is less than inlet length, and wall length has the greatest value (i.e., L outlet < L inlet < L wall ). Similar observation has been also confirmed with El2-or Cub-patterned chambers. In addition, each length varies from pattern to pattern. As shown in Table 4 , L inlet is 2.77-(Cir and El2), 4.85-(El3), 3.46-(Cub), and 5.20-fold (Rec), respectively, higher than those in a cell-free chamber (cf. Supplementary Materials), implying that a much longer entrance distance is required for a fully developed flow in Rec-and El3-patterned chamber. In the current study, L outlet is found to be greater than L inlet , suggesting that the hydrodynamic development length of outlet is extended when the ratio of cell length to width is greater than 3.0 in Rec-and El3-patterned chambers. Figure 6 shows the average static pressure, shear stress, and strain rate on cell surface at 2 lL/min when the hydrodynamic development lengths of inlet (blue lines), outlet (pink lines), or wall (green lines) are shortened to 100 lm from a sufficient length of 2000 lm (red lines). In order to give a whole picture of the distribution of flow field parameters in flow chamber, 14 values of average shear stress as well as Figure 1e ). Data are presented as the hydrodynamic ratios of average maximal static pressure (pink line), shear stress (blue line), or strain rate (green line) with a cell to that without a cell. strain rate were shown. For example, the average values of 1, 2, to 7 close to inlet in blue line indicated the corresponding results in case that development inlet length L inlet was shortened to 100 lm, while other data of n 2 6, and n 2 5 to n close to outlet were obtained under adequate development length, i.e., L
The dash lines were drawn just for explaining the variational tendency of those parameters along the flow direction. It can be seen that the side-effect of insufficient hydrodynamic development length is evident. Average values of those parameters vary remarkably. Specifically, static pressure varies slightly (0.4%) when outlet length is shortened, but increases significantly (13.2% and 16.3%, respectively) when inlet and wall lengths are shortened (Fig. 6a) , indicating that the static pressure, though declining linearly in all the cases, is more sensitive to the changes of inlet and wall lengths. Shear stress (Fig. 6b ) or strain rate (Fig. 6c) , however, changes in a different way. The shear stress and strain rate when L Fig. 6 shows that when cells existed starting at 100 lm away from inlet (blue line), major difference in shear stress, as well as strain rate and static pressure occurred for the cell numbers from 1 to 7, comparing with the case of cells appearing at 2000 lm away from inlet (red line). Because cellular spacing is 100 lm, it means that when L 0 inlet increases to sevenfold, significant change in shear stress is resulted as shown in Fig. 6 . Taken together, these results have demonstrated that hydrodynamic parameters are sensitive to the hydrodynamic development lengths.
Effect of the Orientation of Inlet Velocity Vector
While the above numerical calculations are based on the orientation of inlet velocity vector being normal to entrance section, as used in a series of flow chambers, 4, 11, 16, 31, 40 different orientations of inlet velocity vector have also been applied in other flow chambers. 9, 20, 27 In this article, the impact of two alternative orientations of inlet velocity vector on flow field has been tested: one is 45°relative to height-direction in x-z plane (Fig. 7a) , and the other is 45°relative to width-direction in x-y plane (Fig. 7b) . Figure 7a illustrates the velocity distribution at intermediate principle plane along chamber width when inlet velocity is 45°relative to the direction of length. It has been observed that flow drifts off the main stream at inlet region and takes a relatively long distance to develop into a fully developed flow as compared to the flow that is normal to the inlet section, suggesting that L inlet and L wall are increased in this case. Similar distribution has also been observed with flow velocity at cross section on the top of a cell (a height of 0.5 lm) along chamber height when inlet velocity is 45°rel-ative to direction of the width (Fig. 7b) , even though the L inlet and L wall are not elongated as much as those in Fig. 7a . Table 5 summarizes the three coefficients a, b, and c with different orientations of inlet velocity vector in a Cir-patterned chamber, which results in that L inlet and L wall are enhanced by 20.2-37.5% but L outlet remains unchanged.
DISCUSSION
Parallel-plate chambers are frequently used to examine the mechanotransduction response of cell monolayer to a constant shear stress or rate. They also serve as bioreactors for cell growth under a controllable mass transportation and nutrient supply. In this study, a novel bioreactor with micropatterned cells to isolate the cellular responses at single cell level has been proposed. Our goal is to quantify the shear stress and strain rate around individual cells via fluid dynamics analysis for preventing the side-effect of excessive or inhomogeneous shear flow from biological responses of individual cells, to visualize the entire flow field in flow chamber, and to define the geometric and fluidic dependence of a fully developed flow. The knowledge gained from this study is undoubtedly helpful for specifying the flow chamber approach and optimizing the design of cell patterns and flow field in 3D scaffold or bioreactor for cell/tissue growth. It might be also meaningful when long-term cell culture is required in the bioreactor, since the accumulative difference in mass transport and nutrient supply induced by different flow between the cells close to inlet and outlet mediates the distinct cell proliferation. To mimic the cell morphology in various biologic processes, five types of micropatterned ''virtual cells'' with different shapes and dimensions have been used in this study. The circle-shaped pattern represents a seeded cell without spreading, and the ellipse-pattern (1:2 or 1:3) mimics the cells at different spreading levels, whereas the cubic or rectangular pattern serves as control. A mechanical model is proposed and simplified in the micropatterned flow chamber or bioreactor using Eq. (1). Fluid mechanics analyses were done using CFD calculations to test the impacts of geometry of cell pattern, flow flux, cellular spacing, and orientation of inlet velocity vector on the flow field in interstitial space around the cells. Numerical calculations provide the estimation of hydrodynamic parameters on micropatterned cell surface. Appropriateness of the model and relevant approximations has also been investigated to quantify the hydrodynamic development length by comparison with those obtained from an approximation or an analytic solution (cf. Supplementary Materials). Mesh-independence of numerical calculations in a mesh size ranging from 932 to 3844 surface elements per cell provides the insightful condition for flow mechanics analyses. For instance, the error of maximal velocity in the local field was less than 0.01% when the number of surface elements for a circle cell varied from 2916 to 3785, whereas the error appeared to be more than 0.1% when the number of elements was reduced to 565. Our results indicate that the novel bioreactor is reasonably proposed from the viewpoint of flow field.
To determine whether a bioreactor is appropriate for cell growth, shear stress is one of the key indicators that ensure reasonable distribution of mass transportation and nutrient supply, since physiological shear stress along endothelium in the blood vessels varies from 100 to 1500 mPa in vivo.
12,23 Table 6 summarizes, to the best of our knowledge, the estimated shear stresses in different bioreactors from the literature. The shear stress in a regular bioreactor has a relatively stable value in the range of 23.2-28.3 mPa, 4 whereas it varies significantly in some substrates with random patterns and even 3D scaffolds with irregular pores or channels. 10, 11, 21, 27, 30 In this study, the authors demonstrated that, even in a regular bioreactor, shear stress on the cell surface varies linearly with cell shapes (Fig. 3) and patterns (Fig. 4) . Moreover, a ''wake effect'' is visualized at inlet flux of 2 lL/min when the coordinates are enlarged (red lines in Figs. 8b-8c) , 39 indicating that shear stress or strain rate on the surface of first and last cells in a row is greater than those of the middle ones. This effect is also observed when the inlet flux reaches 500 lL/min (blue lines) with a slight nonlinearity that average shear stress or strain rate decreases gradually along streamline direction (Figs. 8b-8c ). The observed difference in shear stress or strain rate is quite small (<0.8%) under small Re (£5.83) and low cell height (0.5 lm) in this study, though the ''wake effect'' with the nature of nonlinearity induces significant variations under greater Re and higher cell height. This may explain why the impact of flow field on biological responses of the cells near inlet or outlet is different from those on cells in the middle. On the other hand, the static pressure, i.e., the maximal pressure of 54.0 and 37.6 Pa for cap cement and glass, respectively, is hard to control in an irregular bioreactor. 30 However, in a regular bioreactor exemplified in this study, the pressure is well controlled with a low value of 2.26 Pa, and the average pressures on cell surface are in agreement with each other at both 2 and 500 lL/min (Fig. 8a) . Our findings such as the linear dependence of hydrodynamic parameters within ATR (Figs. 4a-4c ) and on cell spacing (Fig. 5) are helpful for optimizing the flow field inside the chamber and the shear stress on cell surface.
Another key indicator for bioreactor design requirement is to maintain a fully developed flow inside the chamber. A set of empirical equations (Eqs. (3a-3c)) and calculated coefficients (Table 4 ) are used to estimate L inlet , L outlet , and L wall , which are determined by Re value and cell pattern (shape, dimension, and spacing). The calculated L inlet , L outlet , and L wall are 5.1-, 6.8-, and 5.6-fold, respectively, which are higher than those estimated previously in the absence of cells, 9 viz., 1.4-, 2.8-, and 1.4-fold, respectively, which in turn are higher than those estimated from the analytic solution in Table 7 , implying that enlarged hydrodynamic development length is required to maintain the fully developed flow around micropatterned cells within ATR. The impacts of the length on flow field (Fig. 6 ) and the outcome with different orientation of inlet velocity vector (Table 5 and Fig. 7 ) and different cell spacings (Fig. 5) indicate that the distances from inlet or outlet to the region of interest and the flow directions at inlet are crucial for quantifying the biological responses of cells to shear flow in a flow bioreactor. In summary, to define the flow field on isolated cells, fluid dynamics analysis for a novel flow bioreactor has been conducted, which is beneficial for a better understanding of the cellular mechanotransduction at single cell level. Combined with relevant methods such as ''artificial surface roughness elements'' 37,38 that are able to evaluate the average flow field within multiple cells adhering on a substrate, the future study will be able to elucidate the impact of surface friction induced by the roughness and microtopology of surfaces of cells such as cilia or pseudopods. Moreover, some limitations existing in the current study need to be addressed in future studies. For example, the deformation of cells, which affects the flow field, should be taken into account. Moreover, the estimated hydrodynamic development lengths based on the empirical equations may vary for other types of bioreactors.
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